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(57) ABSTRACT

A FinFET and nanowire transistor with strain direction opti-
mized 1n accordance with the sideface orientation and carrier
polarity and an SMT-introduced manufacturing method for
achieving the same are provided. A semiconductor device
includes a pMISFET having a semiconductor substrate, a
rectangular solid-shaped semiconductor layer formed at
upper part of the substrate to have a top surface parallel to a
principal plane of the substrate and a sideface with a (100)
plane perpendicular to the substrate’s principal plane, a chan-
nel region formed in the rectangular semiconductor layer, a
gate 1nsulating film formed at least on the sideface of the
rectangular layer, a gate electrode on the gate insulator film,
and source/drain regions formed in the rectangular semicon-
ductor layer to interpose the channel region therebetween.
The channel region 1s applied a compressive strain in the
perpendicular direction to the substrate principal plane. A
manufacturing method of the device 1s also disclosed.
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SEMICONDUCTOR DEVICE AND
MANUFACTURING METHOD OF SAME

CROSS-REFERENCE TO RELATED
APPLICATION(S)

This application 1s based upon and claims priority to Japa-
nese Patent Application No. 2008-085905, filed Mar. 28,
2008, the entire contents of which are incorporated herein by
reference.

TECHNICAL FIELD

Examplary embodiments described herein relates to semi-
conductor devices having “fin” type channel transistors or
nano-wire channel transistors and manufacturing methodol-
ogy of the devices.

BACKGROUND

A fin channel MISFET (FinFET) structure and nano-wire

channel transistor (nanowire transistor) with enhanced toler-
ance against short-channel effects are expected to be used as
a device structure for realizing ultra-highly scaled down
metal msulator semiconductor field etlect transistors (MIS-
FETs) with gate length of 30 nanometers (nm) or less. The
FinFET 1s designed, for example, to have on a silicon sub-
strate a rectangular solid-shaped semiconductor layer, one
part of which 1s used as a channel region. On both side faces
of this channel region, a gate electrode 1s formed so that thin
channel region 1s mterposed therebetween. This gate elec-
trode 1s structured to surround the channel region; so, the gate

controllability 1s improved, and the short-channel effect tol-
erance 1s enhanced.

A nanowire transistor 1s similar 1n structure to the FinFET
with the rectangular solid-shaped semiconductor layer being,
reduced 1n height and also with the gate electrode being also
provided on a top surface of the rectangular solid-like semi-
conductor layer. In the nanowire transistor, the top surface of
the rectangular semiconductor layer also operates as the
channel. A nanowire transistor having its rectangular semi-
conductor layer of a relatively large size 1s also called the
“tr1-gate” transistor.

On the other hand, 1n order to improve the operation speed
of the existing planar MISFETSs, there 1s a technique for
introducing crystal lattice distortion or strain into a channel
from a gate electrode. This 1s known as the gate-induced
strain technique, which 1s disclosed 1 K. Ota et al., “Novel
Locally Strained Channel Technique for High Performance
55 nm CMOS,” IEDM Tech. Digest, pp. 27-30 (2002). For
example, a chosen impurity, such as phosphorus (P), arsenic
(As), germanium (Ge) or else, 1s heavily doped 1nto a poly-
crystalline silicon (poly-S1) gate electrode to a high concen-
tration and form a stress liner nitride film on the poly-Si1 gate
clectrode. While this high concentration impurity doping
results 1n the poly-S1 gate electrode being converted to an
amorphous state, 1.e., amorphasized, 1t must experience crys-
tallization during annealing at high temperatures so that vol-
ume expansion takes place. As the volume expansion of the
poly-S1 gate electrode 1s suppressed by the presence of its
overlying stress liner nitride film, a compressive stress 1s
accumulated 1n the poly-S1 gate electrode. The stress linear
nitride {ilm 1s removed away aiter completion of the anneal-
ing process. However, even alter this film removal, the com-
pressive stress that was generated in the poly-Si1 gate elec-

trode continues to exist in the form of a grain si1ze(s).
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Upon occurrence of the compressive stress 1n the poly-Si
gate electrode, a compressive strain 1s induced 1n the channel

region 1n a direction at right angles to the substrate whereas an
extensional or tensile strain 1s induced 1n a direction along the
gate length. The strain 1n this direction contributes to an
improvement 1in performance of n-channel MISFET's (nMIS-
FETSs); so, attempts are vigorously made to introduce 1t into
nMISFETs. Note however that no such attempts result in
improvement 1in performance of p-channel MISFET's (pMIS-
F_JTS) This method 1s called the stress memorization tech-
nique (SMT) 1n light of its feature that a stress 1s left or
“memorized” 1n the poly-S1 gate electrode even after having
removed the stress linear nitride film.

In the sub-30 nm generation of device technology, it 1s
considered desirable to apply the SMT to FinFET's or nanow-
ire transistors. However, there has not been given any definite
guideline for the strain to be applied to the channel region of
a FinFET or a nanowire transistor 1n order to improve the
transistor characteristics. Accordingly, the SMT that 1s best
suited for FinFET's or nanowire transistors 1s not yet estab-
lished until today.

SUMMARY

In accordance with a first aspect of the present disclosure,
a semiconductor device 1s provided, which includes a semi-
conductor substrate, a rectangular solid-shaped semiconduc-
tor layer formed at an upper part of the semiconductor sub-
strate to have a top surface being parallel to a principal plane
of the semiconductor substrate and a side face with a (100)
plane perpendicular to the principal plane of the semiconduc-
tor substrate, and a p-channel MISFET (pMISFET). The
pMISFET has a channel region formed at least at the side face
of the rectangular solid-shaped semiconductor layer, a gate
dielectric film formed at least on the side face of the rectan-
gular solid-shaped semiconductor layer, a gate electrode cov-
ering the channel region with the gate dielectric film being
sandwiched therebetween, and a pair of source and drain
regions formed within the rectangular solid-shaped semicon-
ductor layer in such a way as to interpose the channel region
therebetween. The channel region 1s applied with a compres-
stve strain 1n a direction perpendicular to the principal plane
of the semiconductor substrate.

In accordance with a second aspect of this disclosure, a
semiconductor device includes a semiconductor substrate, a
first and a second spaced-apart rectangular solid-shaped
semiconductor layers, a pMISFET which 1s provided at the
first rectangular semiconductor layer, and an nMISFET at the
second rectangular semiconductor layer. The first and second
rectangular layers are formed at an upper part of the semicon-
ductor substrate. Each of these layers has a top surface that 1s
parallel to a principal plane of the semiconductor substrate
and a side face with a (110) plane perpendicular to the prin-
cipal plane of the semiconductor substrate. The pMISFET has
a channel region which 1s formed at least at the side face of the
first rectangular semiconductor layer, a gate dielectric film
which 1s formed at least on the side face of the first rectangular
semiconductor layer, a gate electrode covering the channel
region with the gate dielectric film being sandwiched ther-
cbetween, and a pair of source and drain regions formed
within the first rectangular semiconductor layer 1n such a way
as to 1terpose the channel region therebetween. The nMIS-
FET has a channel region which 1s formed at least at the side
face of the second rectangular semiconductor layer, a gate
dielectric film which 1s formed at least on the side face of the
second rectangular semiconductor layer, a gate electrode cov-

ering the channel region with the gate dielectric film being




US 8,076,231 B2

3

sandwiched therebetween, and a pair of source/drain regions
tormed within the second rectangular semiconductor layer 1in

such a way as to interpose the channel region therebetween.
This channel region of the nMISFET 1s applied a compressive
strain 1n a direction perpendicular to the principal plane of the
semiconductor substrate.

A manufacturing method of the semiconductor device 1n
accordance with the third aspect of this disclosure includes
the steps of forming a plurality of rectangular solid-shaped
semiconductor layers at an upper part of a semiconductor
substrate, forming a gate dielectric film at least on side faces
of the rectangular solid-shaped semiconductor layers, form-
ing a metal film on the gate dielectric film, depositing on or
above the metal film a semiconductor {ilm 1n such a way as to
{111 a portion between adjacent ones of the rectangular solid-
shaped semiconductor layers, performing impurity doping by
ion 1implantation to change an upper part of the semiconduc-
tor film to an amorphous material, patterning the semicon-
ductor film and the metal film to thereby form a gate elec-
trode, forming a stress liner dielectric film on or above the
gate electrode, performing thermal processing for crystalliz-
ing the upper part of the semiconductor film, and removing
the stress liner dielectric film.

A manufacturing method of the semiconductor device 1n
accordance with the fourth aspect of the disclosure includes
the steps of forming a plurality of rectangular solid-shaped
semiconductor layers at an upper part of a semiconductor
substrate, forming a gate dielectric film at least at side faces of
the rectangular solid-shaped semiconductor layers, forming a
metal film on the gate dielectric film 1n such a way as to fill a
portion between adjacent ones ol the rectangular solid-
shaped semiconductor layers, planarizing the metal film by
polishing, depositing a semiconductor film on or above the
metal film, performing impurity doping by 1on implantation
to amorphasize an upper part of the semiconductor film,
patterning the semiconductor film and the metal film to
thereby form a gate electrode, forming a stress liner dielectric
f1lm on the gate electrode, performing thermal processing for
crystallizing the upper part of the semiconductor film, and
removing the stress liner dielectric film.

According to this disclosure, 1t becomes possible to pro-
vide a FinFET and nanowire transistor with a strain direction
being optimized 1 compliance with the sideface crystal ori-
entation and the carrier polarity and also an SMT-introduced
manufacturing method for achieving the same.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a diagram schematically showing a cross-sec-
tional view of a semiconductor device in accordance with a
first embodiment.

FI1G. 2 1s a diagram pictorially showing a sectional view of
an SMT-introduced FinFET structure as has been applied to
planar MOSFETs.

FIG. 3 1s a pictorial representation of optimal stress direc-
tions 1n an n-channel FinFET.

FI1G. 4 1s a pictorial representation of optimal stress direc-
tions 1n a p-channel FinFET.

FIG. 5 1s a diagram for explanation of a manufacturing
method of the semiconductor device of the first embodiment.

FIG. 6 1s a diagram schematically showing a top plan view
ol the semiconductor device of the first embodiment.

FIG. 7 1s a schematic cross-sectional view of the semicon-
ductor device of the first embodiment.

FI1G. 8 1s a schematic sectional diagram showing the manu-
facturing method of the semiconductor device of the first
embodiment.
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FIG. 9 1s a top plan view diagram showing the manufac-
turing method of the semiconductor device of the first
embodiment.

FIGS. 10 to 14 are schematic sectional diagrams showing,
the manufacturing method of the semiconductor device of the
first embodiment.

FIG. 15 1s a schematic sectional diagram of a semiconduc-
tor device of a second embodiment.

FIGS. 16 through 21 are schematic sectional diagrams
showing a manufacturing method of the semiconductor
device of the second embodiment.

FIG. 22 1s a sectional diagram of a semiconductor device of
a third embodiment.

FIGS. 23 and 24 are schematic sectional diagrams showing,
a manufacturing method of the semiconductor device of the
third embodiment.

FIG. 25 1s a schematic sectional diagram showing a semi-
conductor device of a fourth embodiment.

FIGS. 26-28 are schematic sectional diagrams showing a
manufacturing method of the semiconductor device of the
fourth embodiment.

FIG. 29 1s a pictorial sectional diagram showing a semi-
conductor device of a fifth embodiment.

FIG. 30 1s a sectional diagram of a semiconductor device of
a sixth embodiment.

FIG. 31 1s a sectional diagram of a semiconductor device of
a seventh embodiment.

FIG. 32 1s asectional diagram of a semiconductor device of
an eighth embodiment.

FIG. 33 15 a sectional diagram of a semiconductor device of
a ninth embodiment.

L1

DETAILED DESCRIPTION OF TH.
EMBODIMENTS

Several embodiments will be described with reference to
the accompanying figures of the drawing below. In the
description below, the notations “(100) plane” and *“(110)
plane” will be used as representative indications of {100}
planes and {110} planes, respectively. The notations “<100>
direction” and “<110> direction” will be used as representa-
tions of crystallographically equivalent directions of [100]
directions and [110] directions, respectively.

In addition, 1n the description below, the term “gate length
direction” 1s used to refer to the direction of a flow of electri-
cal charge carriers, which are electrons or holes. The term
“ogate length” means the length of a gate electrode 1n the gate
length direction. Additionally, in this description, the term
“rectangular solid-shaped semiconductor width” refers to the
thickness of a rectangular solid-shaped semiconductor layer
of a channel region. The term “height of rectangular solid-
shaped semiconductor layer” means the distance of from a
bottom face to a top surface of the rectangular solid-shaped
semiconductor layer.

Also note that in this description, the expression “(100)
plane direction,” for example, 1s not exclusively limited to the
case where the surface of a semiconductor 1s perfectly 1den-
tical to the (100) plane but may also include those cases where
the semiconductor surface has an oblique angle of about +5
degrees with respect to the (100) plane. The same goes with
the representations of “<100> direction” and “<110> direc-
tion.” Reasons of this inclusion of the angle range of +5
degrees are as follows: first, in the manufacture of semicon-
ductor devices, 1t 1s difficult 1n a viewpoint of the accuracy to
achieve perfect coincidence of directions and crystal planes;
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second, within the angular error range of about 5 degrees, it
1s possible to obtain the intended functions and effects of this
disclosure.

FIG. 2 1s a diagram schematically showing a cross-section
of FinFET with introduction of the stress memorization tech-
nique (SMT) that has traditionally been employed for planar
MISFETS, wherein the cross-section is at right angles to the
gate length direction of the FinFET. This SMT-1ntroduced
FinFET has a semiconductor substrate 14 which 1s formed by
a substrate silicon 10 and a buried dielectric film 12 plus a
silicon-on-1nsulator (SOI) layer thereon, a channel region 18
which 1s formed 1n a rectangular solid-shaped semiconductor
layer 40 at an upper part of this semiconductor substrate 14, a
gate msulating film 20 which 1s formed on side faces of this
channel region 18, a gate electrode 30 which 1s formed on this
gate sulator film 20 to have a multilayered structure of a
metal film 22 and a poly-silicon film 24, and a pair of source
and drain regions (not shown) which are formed to 1interpose
the channel region 18 therebetween.

In the poly-silicon film 24, a chosen impurity, e.g., P, As,
Ge or else, 1s heavily doped by 10n implantation to a high
concentration. As a compressive stress 1s accumulated 1n the
poly-S1 film 24 by a similar mechanism to the case of planar
MISFETSs, compressive strains are mduced in the channel
region 18 of the rectangular solid-shaped semiconductor
layer 40, one of which 1s 1n a direction perpendicular to a
principal plane of the semiconductor substrate 14, and the
others of which are 1n a direction at right angles to sidefaces
of the rectangular semiconductor layer 40 as indicated by
white arrows 1n FIG. 2.

To mvestigate and verity whether strains that are generated
in the channel region in the structure of FIG. 2 bring an
improvement 1 performance of FinFET, the inventors have
measured a change in carrier mobility when actually intro-
ducing into FinFET the strains of respective directions. This
experimentation was done by a method of bending a substrate
with FinFET(s) being fabricated thereon to thereby mechani-
cally mtroduce strains in the channel region of the FinFET.
FIGS. 3 and 4 are diagrams showing results of this experi-
ment. More specifically, these are pictorial drawings showing,
the optimum strain direction for bringing performance
improvements 1n an n-channel FinFET and a p-channel Fin-
FET. FIG. 3 1s in the case of the n-channel FinFET, and FIG.
4 1s the case of the p-channel FinFET.

In cases where a FInFET 1s formed on a semiconductor
substrate having 1ts surface with a (100) plane orientation,
there are considered a case where the sideface of arectangular
solid-like semiconductor layer has a (110) plane and a case
where it has a (100) plane. Respective plane orientations are
different 1n direction of the strain that brings performance
improvement. Additionally, in the case of a sideface of the
(110) plane, the gate length direction becomes a <110> direc-
tion; 1n the case of a sideface of the (100) plane, the gate
length direction becomes a <100> direction.

In n-channel FinFETs of FIG. 3, 1n the case of the (100)-
plane sideface FinFET, any one of the compressive strain in
the direction perpendicular to the substrate and the compres-
stve strain 1n the perpendicular direction to the sideface of a
rectangular semiconductor layer improves the performance
so that 1t 15 considered that the strain induced by SMT shown
in FIG. 2 brings significant performance improvement. How-
ever, 1n the case of the (110) sideface FinFET, the compres-
stve strain 1n the perpendicular direction to the sideface of the
rectangular semiconductor layer i1s rather disadvantageous
although the compressive strain in the perpendicular direction
to the semiconductor substrate’s principal plane 1s advanta-
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geous. Thus, 1t 1s considered that the performance improve-
ment by means of the SMT 1s kept less.
In p-channel FinFETs of FIG. 4, 1n the case of a (100)

sideface FinFET, the compressive strain in the perpendicular
direction to the substrate 1s advantageous 1n a similar way to
the n-channel type (110) sideface FinFET. In contrast, the
compressive strain in the perpendicular direction to the side-
face of rectangular semiconductor layer 1s rather disadvanta-
geous. For this reason, the SMT-based performance improve-
ment 1s thought to be less. In the case of a (110) sideface
FinFET, both the compressive strain in the perpendicular
direction to substrate and the compressive strain in the per-
pendicular direction to the sideface of rectangular semicon-
ductor layer are disadvantageous; so, 1t 1s predicted that the
transistor performance 1s degraded by the SMT.

As well, the fact that the only the compressive strain in the
direction perpendicular to the principal plane of the semicon-

ductor substrate yields performance improvement in the
p-channel (100) sideface FinFET 1s the knowledge that 1s
never predictable from the traditional bulk silicon’s piezo-
clectric resistance coellicient and 1s the one that was first
revealed by 1nventor’s experimentation for introducing
mechanical strains into the actual FinFET. FIG. 5 1s a graph
showing a measurement result of the mobility change rate
upon 1ntroduction of the compressive strain in the perpen-
dicular direction to the semiconductor substrate principal
plane 1n the p-channel (100) sideface FinFET. In the experi-
ment using FinFET, a positive mobility change rate was
obtained, which 1s much greater than that forecasted from the
bulk piezoresistance coellicient.

The obtamability of such significant performance
improvement in the case of introducing the SMT into FinFET
in this way 1s limited to the case of a specific sideface orien-
tation and carrier polarity. Accordingly, 1n order to realize a
high-performance FinFET, in particular, high-performance
complementary FinFET, 1t 1s needed to introduce a “special”
device structure capable of optimizing the direction of a strain
to be induced by SMT 1n accordance with the sideface orien-
tation and the carrier polarity. This 1s not exclusively limited
to FinFET's, and the same goes with the nano-wire transistors
also.

Embodiments, which employ the above-noted finding and
knowledge as has been obtained by the mmventors of this
invention, will be explained with reference to the accompa-
nying drawings below.

First Embodiment

A semiconductor device 1n accordance with this embodi-
ment 1s arranged to include a semiconductor substrate, a
rectangular solid-shaped semiconductor layer which 1s
formed at an upper part of the semiconductor substrate and
which has a top surface being parallel to a principal plane of
the semiconductor substrate and a side face with a (100) plane
perpendicular to the principal plane of the semiconductor
substrate, and a p-channel metal insulator semiconductor
field effect transistor (pMISFET). The pMISFET has a chan-
nel region which 1s formed at least at the side face of the
rectangular solid-shaped semiconductor layer, a gate dielec-
tric film which 1s formed at least on the sideface of the rect-
angular solid-shaped semiconductor layer, a gate electrode
covering the channel region with the gate dielectric film being
sandwiched therebetween, and a pair of source/drain regions
formed within the rectangular solid-shaped semiconductor
layer 1n such a manner as to interpose the channel region
therebetween. The channel region 1s applied with a compres-
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stve strain 1n a direction perpendicular to the principal plane
of the semiconductor substrate.

FIG. 6 15 a diagram showing a top plan view of the semi-
conductor device of this embodiment. FIG. 1 1s a diagram
schematically showing a cross-section of the device of FIG. 6
as taken along line A-A'. FIG. 7 shows a cross-section taken

along line B-B' of FIG. 6.
As shown 1n the schematic sectional view of FIG. 1, this
semiconductor device 1s formed on an SOI substrate 14 hav-

ing a substrate silicon 10 and a buried oxide film 12 thereon.
The device has a rectangular solid-shaped semiconductor
layer 40 which 1s formed at upper part of the SOI substrate 14
and which has a top surface extending 1n parallel to the SOI
substrate 14 and side faces with a (100) crystal plane that 1s
perpendicular to the SOI substrate 14, a channel region 18
which 1s formed at least at sidefaces of the rectangular semi-
conductor layer 40, a gate insulating film 20 which 1s formed
on the sidefaces of the rectangular semiconductor layer 40
with the channel region 18 being formed therein and sidefaces
of a hard mask layer 42, and a gate electrode 30 which covers
the channel region 18 with the gate insulator film 20 being,
sandwiched therebetween. The gate electrode 30 has a mul-
tilayered structure of a metal film 22 and a poly-silicon film
(semiconductor film) 24 that contains therein a chosen impu-
rity, such as phosphorus (P) as an example. The poly-S1 film
24 extends to fill a portion between adjacent ones of parallel
semiconductor layers 40.

As shown 1 FIG. 7, a pair of source and drain regions 32
with boron (B) being doped theremn as an impurity for
example are provided in the rectangular semiconductor layer
40, which are formed in such a manner as to iterpose the
channel region 18 therebetween. Further, as shown 1n FIG. 6
or 8, a gate electrode 30 and sidewall dielectric films 34 on
both sides thereof are formed so that these vertically cross the
plurality of rectangular semiconductor layers 40. In this way,
the semiconductor device of this embodiment 1s a p-channel
SOI-FinFET of the so-called double gate structure type.

In this FinFET, the poly-S1 film 24 of gate electrode 30 1s
not uniform in impurity concentration. The impurity concen-
tration becomes higher 1n a direction toward upside from the
lowermost layer of the poly-Si1 film 24 of gate electrode 30,
1.€., the SOI substrate 14 side. Owing to this variable impurity
concentration feature, the poly-Si1 film 24 1s such that the
impurity concentration in a region above the height of an
upper surface of the channel region 18 becomes higher than
the impurity concentration at the height of the top surface of
the rectangular semiconductor layer 40, 1.¢., the upper surface
of channel region 18.

By arranging the poly-Si1 film 24 so that the impurity con-
centration of the region at both sidefaces of the channel region
18 1s lowered while at the same time 1ncreasing the impurity
concentration of the region at upside of the channel region 18
in this way, amorphasization of the poly-S1 film 24 and vol-
ume expansion in SMT process take place appreciably only in
the region on upside of the channel region 18. Accordingly, a
compressive strain 1s induced only in the direction perpen-
dicular to the SOI substrate 14 (strain amount of 0.05% or
greater) whereas no compressive strains are mduced 1n the
direction perpendicular to the sidefaces of rectangular semi-
conductor layer 40 (strain amount of less than or equal to
0.05%). Note here that the strain amount € 1s defined by
e=(a-a,)/a,, where a,, 1s the lattice distance of a crystal 1n the
absence of any strains, and “a’ 1s the crystal lattice distance
alter having added strains thereto. The strain amount can
typically be evaluated by Raman spectrometric measurement,
also known as Raman spectroscopy.
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As can be seen from FIG. 4, according to the p-channel
FiInFET (pFinFET) of this embodiment, the mobility of
charge carriers 1s improved. Thus 1t 1s possible to achieve
pFinFET with an increased drive current amount.

It should be noted here that preferable examples of the
impurity to be contained in the poly-S1 film 24 of gate elec-
trode 30 include, but not limited to, phosphorus (P), arsenic
(As) or germanium (Ge), which causes amorphasization of
poly-S1 by 1on implantation 1n the process of manufacturing
the semiconductor device. In the region above the height of
the upper face of the channel region 18 including the upper-
most layer within the poly-S1 film 24, the impurity concen-
tration is preferably set to be greater than or equal to 2x10°°
cm™ and less than or equal to 2x10°' cm™. This value setting
1s 1n order to avoid an excessive increase 1in 10n implantation
damage as given to the gate msulator film 20 and/or the gate
clectrode 30 during 10n implantation while imnducing sufifi-
cient degrees ol amorphasization and volume expansion. In
addition, the impurity concentration of the lowermost layer of
the poly-S1 film 24 1s preferably set so that 1t 1s greater than or
equal to 2x10'” cm™ and less than 2x10*° cm™ in order to
suppress the amorphasization and volume expansion in the
regions at both sidefaces of rectangular semiconductor layer
40 while at the same time avoiding an excessive 1ncrease n
gate resistance.

In order to increase the current amount, it 1s desirable that
more than two rectangular semiconductor layers 40 (channel
regions 18) be laid out 1n parallel with each other as shown 1n
FIG. 1 or 6. At this time, the layout interval or “pitch’ of these
rectangular semiconductor layers 1s preferably set to 10 nm or
more 1n order to avoid an increase in resistance of the gate
clectrode 30 to be formed between adjacent ones of the rect-
angular semiconductor layers and 1s desirably less than or
equal to 250 nm 1n order to increase the current amount. Note
that the use of this layout of such plurality of rectangular
semiconductor layers 1s not necessarily essential to the inven-
tive concept as disclosed herein.

Additionally, examples of the material of the metal film 22
of gate electrode 30 are a metal silicide, titanium nitride
(TiN), tungsten (W), tantalum carbide (TaC) and others.

Additionally, the bunied oxide film 12 1s preferably
arranged to have a thickness of 5 nm or more and yet less than
or equal to 200 nm 1n order to avoid an e€xcessive mncrease n
capacitance between the channel and substrate while at the
same time strengthening the durability against short-channel
ellects.

The height of the poly-S1 film 24 of gate electrode 30 from
the top surface of hard mask layer 42 1s preferably setto 10 nm
or more and yet less than or equal to 200 nm 1n order to avoid
an excessive mcrease 1n gate resistance while retaining con-
trollability in the process of etching the gate electrode.

The height of the rectangular semiconductor layer(s) 40 1s
preferably set at 3 nm or more and yet less than or equal to 100
nm 1n order to avoid an excessive decrease 1n carrier mobility
while retaining the controllability at the time of etching the
rectangular semiconductor layer(s).

In order to obtain enhanced short-channel effect tolerance,
the width of a rectangular semiconductor layer, 1.¢., the thick-
ness of rectangular semiconductor layer 40 of channel region
18 1s desirably set to less than or equal to L/2, where L 1s the
gate length. On the other hand, from a view point of avoiding
an excessive decrease 1n carrier mobility, the rectangular
semiconductor layer width 1s desirably set at 3 nm or more.

Next, an explanation will be given of a manufacturing
method of the semiconductor device of this embodiment with
reference to FIGS. 8 through 14 below. FIGS. 8 and 10-14 are

diagrams schematically showing cross-sections in the manu-
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facture of the semiconductor device of this embodiment.
Additionally, FIG. 9 1s a diagram showing a top plan view of
a device structure 1n the manufacture of the semiconductor
device of this embodiment.

Firstly, as shown in FIG. 8, a structure which consists

essentially of a buried oxide film 12, SOI layer 44 and hard

mask layer 42 1s formed on a substrate silicon 10. Subse-
quently, as shown 1n FIG. 9 and FIG. 10 (sectional diagram
taken along line C-C' of FIG. 9), after having patterned the

hard mask layer 42, the SOI layer 44 1s etched with this hard
mask layer 42 being as a mask to process the SOI layer 44 to
become narrower 1n the direction along the rectangular semi-
conductor layer width, thereby to form rectangular semicon-
ductor layers 40.

Subsequently, as shown 1n FIG. 11, a gate insulating film
20 1s formed on sidefaces of the rectangular solid-shaped
semiconductor layers 40 and top surface and sidefaces of the
hard mask layer 42. On this gate insulator film 20, a metal film
22 1s formed; furthermore, on this metal film 22, a poly-
silicon film 24a 1s deposited, 1n which a P impurity 1s in-situ
doped. By this poly-S1 film 24a, a space between adjacent
ones of the rectangular semiconductor layers 40 1s filled.
Then, as shown 1n FIG. 12, the poly-S1 film 24a 1s polished for
planarization, thus exposing the hard mask layer 42.

Subsequently, as shown 1n FIG. 13, a phosphorus (P) 1n-
situ doped poly-silicon film 245 1s additionally formed on the
planarized poly-Si1 film 24a. Therealter, a chosen impurity,
e.g., P, 1s doped by 10n implantation into this poly-Si film 2456
to a high concentration to thereby amorphasize the poly-Si
f1lm 2454. Subsequently, a hard mask layer for the gate elec-
trode patterning use 1s formed on the poly-S1 film 245; then,
this hard mask layer 1s patterned. Thereafter, with this hard
mask layer being as a mask, the poly-S1 1ilm 24 and metal film
22 plus gate insulator film 20 are patterned. Thereafter, a
sidewall insulation film 34 (FIG. 6, 7) 1s formed on both sides
of the gate length direction of the gate electrode 30.

Thereafter, with the gate electrode-patterning hard mask
layer and the sidewall 1mnsulation film 34 being as a mask, a
p-type impurity 1s doped mto the rectangular semiconductor
layer 40, thereby forming source/drain regions 32 (F1G. 6, 7).
Subsequently, after having removed the gate electrode-pat-
terming hard mask layer, a stress liner dielectric film 50 1s
formed on the gate electrode 30 as shown 1n FIG. 14; then,
annealing processing 1s performed by means of rapid thermal
anneal (RTA) techniques for example to thereby crystallize
the poly-Si film 245, thus causing a compressive stress to be
induced in the gate electrode 30. Thereatter, the stress liner
dielectric film 50 1s removed away.

With the manufacturing processes above, the semiconduc-
tor device of this embodiment shown 1 FIGS. 1 and 6-7 1s
formed.

Note that when performing 1on implantation of the high
concentration impurity nto the poly-S1 film 245, 1t 1s desir-
able to set an acceleration energy in such a way that a pro-
jected range Rp stays within the poly-Si film 245. This accel-
eration energy setting 1s 1n order to reduce 1on 1mplantation
damages to be given to the gate insulator film 20 and others
and also to retain an etfective concentration distribution for
strain application of the poly-S1 film 24.

An example of the stress liner dielectric film 50 as used
herein 1s a silicon nitride film or silicon oxide film or the like,
which 1s formed by chemical vapor deposition (CVD) meth-
ods.

Although 1n this embodiment the p-channel FinFET of the
(100)-plane sideface type has been explained, 1t 1s apparent
from viewing FI1G. 3 also that similar drive current increasing
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elfects are obtainable even when a similar structure and pro-
cess are applied to an n-channel FinFET of the (110) sideface.

Second Embodiment

A semiconductor device of this embodiment 1s a p-channel
nano-wire transistor, which 1s similar to the semiconductor
device of the first embodiment shown 1n FIG. 1 with the hard
mask layer 42 being removed and also with the gate electrode
being also provided on the top surface of rectangular semi-
conductor layer 40, 1.¢., the upper face of channel region 18
by letting a gate insulator film be interposed therebetween.
This embodiment 1s similar to the first embodiment except
that the structure of FinFET 1s used as the nanowire transistor
structure; so, a description will be eliminated as to duplicative
contents thereof.

FIG. 15 1s a schematic sectional diagram of the semicon-
ductor device of this embodiment in a direction at right angles
to the gate length direction of 1t. As shown 1n FIG. 15, the gate
insulator film 20 1s formed also on the upper surface of the
channel region 18 to be formed at the rectangular solid-like
semiconductor layer 40 having the (100)-plane sideface, and
the gate electrode 30 having a multilayer structure of metal
film 22 and poly-S1 film 24 1s formed through the gate 1nsu-
lator film 20 1n such a manner as to cover the channel region
18. In this way, this nanowire transistor has the so-called
tri-gate structure having three gate electrodes on the top sur-
face and both sidefaces of the channel region 18 of rectangu-
lar semiconductor layer 40.

In this nanowire transistor, the impurity concentration in
the poly-S1 film 24 of gate electrode 30 1s not uniform. The
impurity concentration becomes higher in a direction toward
upside from the lowermost layer of the poly-Si1film 24 of gate
clectrode 30, 1.e., the SOI substrate 14 side. Owing to this
teature, the poly-S1 film 24 1s such that the impurity concen-
tration 1n a region above the height of the upper surface of
channel region 18 becomes higher than the impurity concen-
tration at the height of the upper face of channel region 18.

By lowering the impurity concentration of the regions on
both sidefaces of the channel region 18 1n the poly-Si1 film 24
and at the same time 1ncreasing the impurity concentration of
the region at upside of the channel region 18 1n this way, the
amorphasization of the poly-S1 film 24 and the volume expan-
sion 1n the SMT process take place dominantly only 1n the
region on the upside of the rectangular semiconductor layer
40, 1n which the channel region 18 1s formed. Accordingly, a
compressive strain 1s induced only 1n the direction perpen-
dicular to the SOT substrate 14 (strain amount of 0.05% or
greater) whereas any compressive strain 1s not induced 1n the
direction perpendicular to the sidefaces of rectangular semi-
conductor layer 40 (strain amount of 0.05° or less).

Consequently, as apparent from FIG. 4, the p-channel
nanowire transistor of this embodiment 1s such that the carrier
mobility 1s improved 1n a similar way to the pFinFET of the
first embodiment. Thus, it 1s possible to realize the p-channel
nanowire transistor with increased drive current amount, 1.e.,
enhanced current drivability.

An explanation will next be given of a manufacturing
method of the semiconductor device of this embodiment with
reference to FIGS. 16 to 21. FIGS. 16-21 are diagrams sche-
matically showing cross-sectional structures 1n the manufac-
ture of the semiconductor device of this embodiment.

First, as shown 1in FIG. 16, a structure that consists essen-
tially of a buried oxide film 12, SOT film 44 and hard mask
layer 42 1s formed on a substrate silicon 10. Then, as shown 1n
FIG. 17, after having patterned the hard mask layer 42, the
SOI layer 44 1s etched with this hard mask layer 42 being as




US 8,076,231 B2

11

a mask to narrow the SOI layer 44 1n the rectangular semi-
conductor layer width direction, thereby forming rectangular

box-like semiconductor layers 40.

Subsequently, as shown 1n FIG. 18, a gate insulator film 20
1s formed on top and side surfaces of the rectangular semi-
conductor layers 40. Then, a metal film 22 1s formed on this
gate insulator film 20; further, on this metal film 22, a poly-
silicon film 22 with P impurity 1n-situ doped therein 1s depos-
ited. By this poly-Si1 film 24, spaces between neighboring
rectangular semiconductor layers 40 are filled. Subsequently
as shown 1n FIG. 19, the poly-S1 film 24 1s subjected to
etch-back, causing it to become a thin film.

Then, as shown 1n FIG. 20, a high concentration impurity,
¢.g., P, 1s doped by 1on implantation into the thin-filmed
poly-S1 film 24 to thereby amorphasize upper part of this
poly-S1 film 24. Subsequently, a hard mask layer for the gate
clectrode patterning use 1s formed on the poly-S1 film 24;
then, this hard mask layer 1s patterned. Thereaiter, with this
hard mask layer being as a mask, the poly-Si1 film 24 and metal
f1lm 22 and gate msulator film 20 are patterned. Thereafter, a
sidewall dielectric film (not shown) 1s formed on both sides of
the gate electrode 30 1n the gate length direction.

Thereafter, with the gate electrode-patterning use hard
mask layer and the sidewall dielectric film 34 being as a mask,
a p-type impurity 1s doped into the rectangular semiconductor
layer 40 to thereby form source/drain regions (not shown).
Subsequently, after having removed the gate electrode-pat-
terming use hard mask layer, a stress liner dielectric film 350 1s
formed on the poly-S1 film 24 as shown in FIG. 21; then,
annealing 1s performed by PTA techniques, for example, to
thereby crystallize the poly-S1 film 245, thus causing a com-
pressive stress to be mduced in the poly-S1 film 24 of gate
electrode 30. Thereafter, the stress liner dielectric film 50 1s
removed away.

By the manufacturing processes above, the semiconductor
device of this embodiment shown in FIG. 135 1s formed.

It should be noted that upon 1on 1implantation of the impu-
rity of high concentration into the poly-S1 film 24, 1t 1s desir-
able to set the acceleration energy 1n such a way that the
projected range Rp 1s above the top surface of rectangular
semiconductor layer 40. This 1s 1n order to reduce 1on implan-
tation damage to be given to the gate insulator film 20 or else
and also tb retain an etfective concentration distribution for
strain application of the poly-S1 film 24.

Also note that although in this embodiment the p-channel
(100)-plane sideface nanowire transistor was explained, simi-
lar drive current increase etfiects are also obtainable by apply-
ing a similar structure and process to an n-channel nanowire
transistor of the (110) sideface type as apparent from FIG. 3
also.

Third Embodiment

A semiconductor device of this embodiment 1s a p-channel
FinFET which 1s similar to the semiconductor device of the
first embodiment shown in FIG. 1, with the semiconductor
film of gate electrode being modified so that its lowermost
surface 1s above the top surface of a rectangular solid-like
semiconductor layer. The device 1s the same as the first
embodiment except this structural difference; so, a duplica-
tive description will be omitted herein.

FIG. 22 1s a schematic sectional diagram of the semicon-
ductor device of this embodiment 1n a direction at right angles
to the gate length direction thereof. As shown 1n FIG. 22, the
lowermost surface of the poly-Si film 24 of gate electrode 30
1s arranged to overlie the upper surface of channel region 18,
1.€., the top surface of rectangular semiconductor layer 40. In
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other words, 1t becomes a structure with a space between
adjacent channel regions 18 (rectangular semiconductor lay-

ers 40) being buried with the metal film 22.

The structure that overlies the hard mask layer 42 1s similar
to that of the semiconductor device of the first embodiment so
that a compressive strain 1s induced by the poly-S1 film 24
within the rectangular semiconductor layer 40 in the direction
perpendicular to the SOI substrate 14 (strain amount of 0.05%
or more). Additionally, although the space between neighbor-
ing rectangular semiconductor layers 40 1s fully filled with
the metal film 22, the metal film 22 behaves to shrink when an
attempt 1s made to cool down it to room temperatures after
having formed the metal film 22 at high temperatures because
metals are larger than silicon in thermal expansion coetfi-
cient. As a result of this metal shrink, the compressive strain
within rectangular semiconductor layer 40 1n the perpendicu-
lar direction to SOI substrate 14 further increases, resulting 1n
an extension or tensile strain being induced 1n a direction
perpendicular to the sidefaces of rectangular semiconductor
layer 40.

Accordingly, as apparent from FIG. 4, the pFinFET of this
embodiment 1s such that the carrier mobility 1s further
improved when compared to the pFinFET of the first embodi-
ment. Thus 1t 1s possible to achieve the p-channel FinFET
with further increased drive current amount.

An explanation will next be given of a manufacturing
method of the semiconductor device of this embodiment with
reference to FIGS. 23-24, the explanation being related in
particular to 1ts different points from the manufacturing
method of the first embodiment. FIGS. 23 and 24 are sche-
matic sectional diagrams showing manufacturing process
steps of the semiconductor device of this embodiment.

As shown 1n FIG. 23, after having formed a gate insulator
film 20 on both sidefaces of rectangular box-like semicon-
ductor layers 40, a metal film 22 1s formed on the gate 1nsu-
lator film 20 1n such a manner as to fill a space between
adjacent ones of the rectangular semiconductor layers 40.
Then, as shown 1n FIG. 24, the metal film 22 1s planarized by
polishing to thereby expose the hard mask layer 44. Thereat-
ter, through similar process steps to those of the first embodi-
ment, the semiconductor device of this embodiment shown 1n
FIG. 22 1s fabricated.

Although 1n this embodiment the p-channel (100) sideface
FinFET was explained, similar drive current increasing
cifects are obtainable by applying a similar structure and
process to an n-channel (110) sideface FinFET as apparent
from FIG. 3 also.

Additionally, similar effects are obtainable by applying the
device structure of this embodiment to the nanowire transistor
of the second embodiment also.

Fourth Embodiment

A semiconductor device of this embodiment 1s similar to
the semiconductor device of the first embodiment shown in
FIG. 1 with the SOI substrate being replaced by a bulk silicon
substrate. Thus, a description of 1ts duplicate contents will be
omitted.

FIG. 25 1s a schematic sectional diagram of the semicon-
ductor device of this embodiment in a direction perpendicular
to the gate length direction thereof. As shown herein, a pFin-
FET 1s formed on a bulk silicon substrate 60, rather than on
the SOI substrate. For example, a device 1solation dielectric
f1lm 62 of silicon oxide film and a punch-through suppression
semiconductor layer 64 which underlies each rectangular
semiconductor layer 40 and which 1s interposed by the ele-
ment 1solation dielectric film 62 are disposed.
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Here, 1n order to cut oiff a current flow path (punch-
through) of from the source to drain via the bulk silicon

substrate 60, the punch-through suppression semiconductor
layer 64 1s preferably arranged so that 1ts impurity concentra-
tion is greater than or equal to 1x10'® cm™ and less than or
equal to 1x10°° cm™.

A device structure excluding the semiconductor substrate
1s 1dentically the same as that of the semiconductor device of
the first embodiment so that performance improvement of the
transistor 1s similarly expectable owing to the strain that 1s
induced by the poly-Si film of gate electrode. In addition, the
bulk silicon substrate 1s less 1n cost than the SOI substrate;
thus, according to this embodiment, it 1s possible to reduce
manufacturing costs.

Next, an explanation will be given of a manufacturing
method of the semiconductor device of this embodiment with
reference to FIGS. 26 to 28, the explanation being related
particularly to its differences from the manufacturing method
of the first embodiment. FIGS. 26-28 are schematic sectional
diagrams showing manufacturing process steps of the semi-
conductor device of this embodiment.

As shown 1n FIG. 26, after having patterned a hard mask
layer 42 on the bulk silicon substrate 60, the bulk silicon
substrate 60 1s etched with this hard mask layer 42 being as a
mask to process the bulk silicon substrate 60 to become
narrower 1n the rectangular semiconductor layer width direc-
tion, thereby forming rectangular semiconductor layers 40.
Next, as shownin FIG. 27, adevice 1solation dielectric film 62
1s deposited and planarized by polish techniques to thereby
expose the hard mask layer 42.

Next, as shown 1n FIG. 28, the device 1solation dielectric
f1lm 62 1s subjected to etchback by reactive 10n etching (RIE);
thereatter, a chosen impurnity, e.g., P, 1s doped thereinto by ion
implantation, thereby to form a punch-though suppressing
semiconductor layer 64 under each rectangular semiconduc-
tor layer 40. Thereatter, through similar process steps to those
of the first embodiment, the semiconductor device of this
embodiment shown 1n FIG. 235 1s fabricated.

Note that although 1n this embodiment the p-channel Fin-
FET of the (100) sideface has been explained, similar drive
current increase effects are obtainable by applying a similar
structure and process to an n-channel (110) sideface FinFET
as apparent from FIG. 3 also.

Additionally, similar effects are obtainable by applying the
structure of this embodiment to the nanowire transistor of the
second embodiment also.

Fifth Embodiment

A semiconductor device of this embodiment 1s similar to
the semiconductor device of the first embodiment shown in
FIG. 1 with the metal film being omitted and with the gate
clectrode being made of a single poly-silicon film alone.
Thus, adescription of 1ts duplicate contents will be eliminated
herein.

FIG. 29 1s a schematic sectional diagram of the semicon-
ductor device of this embodiment, which 1s at right angles to
the gate length direction of it. As shown herein, the gate
clectrode 30 1s formed by a single layer of poly-Si film 24.

Except for the arrangement that the gate electrode 30 1s a
single layer consisting of the poly-S1 film 24 only, the remain-
ing structure 1s 1dentically the same as the semiconductor
device of the first embodiment; so, transistor performance
improvement 1s similarly expectable owing to the strain that 1s
induced by the poly-S1 film of gate electrode. In addition,
according to this embodiment, there 1s an advantage that the
manufacturing of the semiconductor device becomes easier
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and decreases 1n production cost because the gate electrode 1s
arranged to have the single-layer structure.

Note that although in this embodiment the p-channel (100)
sideface FinFET was explained, similar drive current increase
cifects are obtainable by applying a similar structure and
process to an n-channel (110) sideface FinFET as apparent
from FIG. 3 also.

Additionally, similar effects are obtainable by applying the
structure of this embodiment to the nanowire transistor of the
second embodiment also.

Sixth Embodiment

A semiconductor device of this embodiment 1s a comple-
mentary semiconductor device which 1s constituted from a
p-channel (100) sideface FinFET and an n-channel (100)
sideface FinFET. This semiconductor device has a semicon-
ductor substrate, more than one rectangular solid-shaped
semiconductor layer which 1s formed at upper part of the
semiconductor substrate and which has a top surface parallel
to the semiconductor substrate’s principal plane and side
faces with a (100) crystal plane that 1s perpendicular to the
principal plane of the semiconductor substrate, and a p-chan-
nel metal insulator semiconductor field effect transistor (pM-
ISFET). This pMISFET has a channel region which 1s formed
within the rectangular solid-like semiconductor layer, a gate
insulating film which 1s formed on sidefaces of the channel
region, a gate electrode which covers the channel region with
the gate insulator film being sandwiched therebetween, and a
pair of source/drain regions which are formed within the
rectangular semiconductor layer 1n such a manner as to inter-
pose the channel region therebetween, wherein a compressive
strain 1s applied to the channel region 1n a direction perpen-
dicular to the semiconductor substrate principal plane. This
embodiment device further includes a second rectangular
solid-shaped semiconductor layer which 1s formed at upper
part of the semiconductor substrate and which has a second
top surface that i1s parallel to the semiconductor substrate
principal plane and second sidefaces with a (100) plane that 1s
perpendicular to the semiconductor substrate principal plane,
and an n-channel MISFET (nMISFET). This nMISFET has a
second channel region which 1s formed within the second
rectangular semiconductor layer, a second gate insulating
film which 1s formed on the second sidefaces of the second
channel region, a second gate electrode which covers the
second channel region with the second gate nsulator film
being sandwiched therebetween, and a pair of second source/
drain regions which are formed within the second rectangular
semiconductor layer in such a manner as to interpose the
second channel region therebetween, wherein both a com-
pressive strain which 1s 1n the direction perpendicular to the
semiconductor substrate principal plane and a compressive
strain that 1s in the direction perpendicular to the second
sidefaces are applied together to the second channel region.

FIG. 30 1s a schematic sectional diagram of the comple-
mentary semiconductor device of this embodiment. Lett-
hand part of this diagram shows an n-channel FinFET
whereas its right-hand part 1s a p-channel FinFET. The
p-channel FinFET has the structure of the first embodiment of
FIG. 1; the n-channel FinFET becomes the structure that has
been explained 1n conjunction with FIG. 2.

Regarding the p-channel FinFET, this 1s formed so that the
impurity concentration i a poly-S1 film 24 rises up 1n a
direction along the thickness of from the lowermost layer of
the poly-S1 film 24 up to the height of an upper surface of a
hard mask layer 42 and also the impurity concentration in a
region above the height of the upper face of the hard mask




US 8,076,231 B2

15

layer 42 becomes higher when compared to the impurity
concentration at the height of the upper face of the hard mask

layer 42. An example 1s that the impurity concentration of the
lowermost layer of the poly-S1 film 24 1s greater than or equal
to 2x10'” ¢cm™ and vyet less than or equal to 2x10°° cm™
whereas the impurity concentration in the region overlying,
the height of the upper face ot hard mask layer 42 1s more than
orequal to 2x10°° cm™ and less than or equal to 2x10°' cm ™.
As for the n-channel FinFET, the impurity concentration in
the poly-Si film 24 1s almost uniform and 1s set, for example,
to 2x10”° cm™ or more and less than or equal to 2x10*' cm™.

With these impurity concentration distribution settings, the
p-channel FinFET 1s such that the compressive strain 1s
induced only 1n the perpendicular direction to the principal
plane of the semiconductor substrate (strain amount of 0.05%
or greater), with no compressive strain being imnduced in the
perpendicular direction to the sidefaces of rectangular semi-
conductor layer (strain amount of 0.05% or less); as for the
n-channel FinFET, the compressive strain 1s mnduced both in
the perpendicular direction to the semiconductor substrate
principal plane and in the perpendicular direction to the rect-
angular semiconductor layer sidefaces (strain amount of
0.05% or more). As a result, as apparent from FIGS. 3 and 4,
it 1s possible to improve both the performance of the n-chan-
nel FinFET and that of the p-channel FinFET at a time.

Note here that maximal performance improvement 1s
expected when the structure of the first embodiment 1s 1ntro-
duced into ann-channel (110) sideface FinFET and p-channel
(100) sideface FinFET. However, 1n the case of arranging the
complementary FinFET having n-channel FinFET and
p-channel FinFET, 1t 1s preferable that sideface crystal orien-
tations of the n-channel and p-channel FinFETs be the same
as each other as 1n this embodiment 1n order to suppress an
increase in circuit layout area.

Also note that although the FinFETs have been explained
here, similar effects are also obtainable by applying the struc-
ture of this embodiment to nanowire transistors.

Seventh Embodiment

A semiconductor device of this embodiment 1s a comple-
mentary semiconductor device which 1s made up of a p-chan-
nel (110) sideface FinFET and an n-channel (110) sidetface
FinFET. This semiconductor device has a semiconductor sub-
strate, a rectangular solid-shaped semiconductor layer which
1s formed at an upper part of the semiconductor substrate and
which has a top surface that 1s parallel to a principal plane of
the semiconductor substrate and side surfaces with a (110)
crystal plane that 1s perpendicular to the semiconductor sub-
strate principal plane, a second rectangular solid-shaped
semiconductor layer which 1s formed at the upper part of the
semiconductor substrate and which has a second top surface
that 1s parallel to the principal plane of the semiconductor
substrate and second side surfaces with a (110) plane perpen-
dicular to the semiconductor substrate principal plane, a
pMISFET and an nMISFET. The pMISFET has a channel
region which 1s formed within the rectangular semiconductor
layer, a gate insulator film which 1s formed on sidefaces of the
channel region, a gate electrode which covers the channel
region with the gate insulator film being sandwiched therebe-
tween, and a pair of source/drain regions which are formed
within the rectangular semiconductor layer in such a manner
as to 1mterpose the channel region therebetween. The nMIS-
FET has a second channel region which 1s formed within the
second rectangular semiconductor layer, a second gate 1nsu-
lator film which 1s formed on the second sidefaces of the
second channel region, a second gate electrode which covers
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the second channel region with the second gate insulator film
being sandwiched therebetween, and a pair of second source/

drain regions which are formed within the second rectangular
semiconductor layer in such a manner as to interpose the
second channel region therebetween, wherein a compressive
strain which 1s 1n a direction perpendicular to the semicon-
ductor substrate principal plane 1s applied to the second chan-
nel region.

FIG. 31 1s a schematic sectional diagram of the comple-
mentary semiconductor device of this embodiment. Leit part
of this diagram shows an n-channel FinFET whereas right
part 1s a p-channel FinFET. The n-channel FinFET 1s the one
that applies the structure of the first embodiment of FIG. 1 to
n-channel FinFET.

Regarding the n-channel FinFET, this 1s formed so that the
impurity concentration in a poly-S1 film 24 increases 1n a
direction along the thickness of from the lowermost layer of
the poly-S1 film 24 up to the height of an upper surface of a
hard mask layer 42 and also the impurity concentration in a
region above the height of the upper face of the hard mask
layer 42 becomes higher when compared to the impurity
concentration at the height of the upper face of the hard mask
layer 42. For example, the impurity concentration of the
lowermost layer of the poly-S1 film 24 1s greater than or equal
to 2x10"” cm™ and less than 2x10°° cm™ whereas the impu-
rity concentration in the region overlying the height of the
upper face of hard mask layer 42 1s more than or equal to
2x10*° cm™ and less than or equal to 2x10*" cm™. As for the
p-channel FinFET, the impurity concentration in the poly-S1
f1lm 24 1s almost uniform and 1s set at a relatively low level.
For example, the impurity concentration is set to 2x10'” cm™
or more and less than 2x10°° cm™.

With the impurity concentration distribution settings, the
n-channel FinFET 1s such that the compressive strain i1s
induced only 1n the perpendicular direction to the principal
plane of the semiconductor substrate (strain amount o1 0.05%
or greater), with no compressive strain being induced 1n the
perpendicular direction to the sidefaces of rectangular semi-
conductor layer (strain amount of 0.05% or less); as for the
p-channel FinFET, any compressive strain 1s not induced both
in the perpendicular direction to the semiconductor substrate
principal plane and 1n the perpendicular direction to the rect-
angular semiconductor layer sidefaces (strain amount of less
than or equal to 0.05%). A result of this 1s that as apparent
from FIGS. 3 and 4, it 1s possible to improve the performance
of the n-channel FinFET while at the same time preventing
performance degradation of the p-channel FinFET.

It 1s noted that although the FinFET's have been explained
here, similar effects are also obtainable by applying the struc-
ture of this embodiment to nanowire transistors.

Eighth Embodiment

A semiconductor device of this embodiment 1s a comple-
mentary semiconductor device which 1s configured from a
p-channel (100) sideface FinFET and an n-channel (100)
sideface FinFET. This semiconductor device has a semicon-
ductor substrate, a rectangular shaped semiconductor layer
which 1s formed at an upper part of the semiconductor sub-
strate and which has a top surface that 1s parallel to a principal
plane of the semiconductor substrate and side faces with a
(100) plane perpendicular to the semiconductor substrate
principal plane, and a pMISFET. This pMISFET has a chan-
nel region which i1s formed at least on a sideface(s) of the
rectangular semiconductor layer, a gate msulator film which
1s formed on the sidefaces of the rectangular semiconductor
layer, a gate electrode which covers the channel region with




US 8,076,231 B2

17

the gate insulator film being sandwiched therebetween, and a
pair of source/drain regions which are formed within the

rectangular semiconductor layer 1in such a way as to interpose
the channel region therebetween, wherein a compressive
strain that 1s 1n the perpendicular direction to the semicon-
ductor substrate principal plane and a tensile strain that 1s in a
direction perpendicular to the sideface are applied to the
channel region. The embodiment device further includes a
second rectangular shaped semiconductor layer which 1s
formed at the upper part of the semiconductor substrate and
which has a second top surtace parallel to the principal plane
ol the semiconductor substrate and second sidefaces with a
(100) plane perpendicular to the semiconductor substrate
principal plane, and an nMISFET. This nMISFET has a sec-
ond channel region which 1s formed at least on the sideface(s)
of the second rectangular semiconductor layer, a second gate
insulator film which 1s formed on the second sidefaces of the
second rectangular semiconductor layer, a second gate elec-
trode which covers the second channel region with the second
gate insulator film being sandwiched therebetween, and a pair
ol second source/drain regions which are formed within the
second rectangular semiconductor layer 1n such a manner as
to interpose the second channel region therebetween, wherein
both a compressive strain that is 1n the perpendicular direction
to the semiconductor substrate principal plane and a tensile
strain 1n the perpendicular direction to the second sidefaces
are applied to the second channel region.

FIG. 32 1s a schematic sectional diagram of the comple-
mentary semiconductor device of this embodiment. Left part
of this diagram shows an n-channel FinFET whereas right
partis a p-channel FinFET. The p-channel FinFET is arranged
to have the structure of the third embodiment of FIG. 22; the
n-channel FinFET has the structure that has been explained in
conjunction with FIG. 2.

Concerning the p-channel FinFET, this 1s arranged so that
the lowermost layer of a poly-S1 film 24 of gate electrode 30
1s placed at a position which 1s at or above the upper face of a
hard mask layer 42. More specifically, 1t 1s formed so that a
portion between channel regions 18 1s filled with a metal film
22. As for the n-channel FinFET, this 1s formed so that a
portion between channel regions 18 1s buried with a poly-S1
film 24. Additionally, regarding the n-channel FinFET, the
impurity concentration in the poly-S1 film 22 1s almost uni-

form and is set, for example, to 2x10°° cm™ or greater and
less than or equal to 2x10°' cm™.

With the use of this structure, the p-channel FinFET 1s such
that the compressive strain that 1s 1n the perpendicular direc-
tion to the substrate i1s increased, causing a tensile to be
induced 1n the perpendicular direction to the rectangular
semiconductor layer sidefaces. Concerning the n-channel
FinFET, compressive strains are induced both 1n the perpen-
dicular direction to the substrate and in the perpendicular
direction to the rectangular semiconductor layer sidefaces. As
a result, as apparent from FIGS. 3 and 4, 1t 1s possible to
improve both the performance of the n-channel FinFET and
that of the p-channel FinFET at a time.

Although the FinFETs have been discussed here, similar

clfects are also obtainable by applying the structure of this
embodiment to nanowire transistors.

Ninth Embodiment

A semiconductor device of this embodiment 1s a comple-

mentary semiconductor device which 1s made up of a p-chan-
nel (110) sideface FinFET and an n-channel (110) sideface
FinFET. This semiconductor device has a semiconductor sub-

strate, a rectangular shaped semiconductor layer which 1s
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formed at an upper part of the semiconductor substrate and
which has a top surface that 1s parallel to a principal plane of
the semiconductor substrate and side faces with a (110) plane
perpendicular to the semiconductor substrate principal plane,
a second rectangular shaped semiconductor layer which 1s
formed at the upper part of the semiconductor substrate and
which has a second top surface that 1s parallel to the principal
plane of the semiconductor substrate and second sidefaces
with a (110) plane perpendicular to the semiconductor sub-
strate principal plane, a pMISFET, and an nMISFET. The
pMISFET has a channel region which 1s formed at least on a
sideface(s) of the rectangular semiconductor layer, a gate
insulator film which 1s formed on sidefaces of the channel
region, a gate electrode which 1s covers the channel region
with the gate insulator film being sandwiched therebetween,
and a pair of source/drain regions which are formed within the
rectangular semiconductor layer 1n such a way as to iterpose
the channel region therebetween. The nMISFET has a second
channel region which 1s formed at least on the sideface(s) of
the second rectangular semiconductor layer, a second gate
insulator film which 1s formed on the second sidefaces of the
second rectangular semiconductor layer, a second gate elec-
trode which covers the second channel region with the second
gate insulator film being sandwiched therebetween, and a pair
of second source/drain regions which are formed within the
second rectangular semiconductor layer 1n such a manner as
to interpose the second channel region therebetween, wherein
both a compressive strain that is in the perpendicular direction
to the semiconductor substrate principal plane and a tensile
strain that 1s 1n a direction perpendicular to the second side-
faces are applied to the second channel region.

FIG. 33 1s a schematic sectional diagram of the comple-
mentary semiconductor device of this embodiment. Left part
of this diagram shows an n-channel FinFET, and right part 1s
a p-channel FinFET. The n-channel FinFET is the one that
applies the structure of the third embodiment of FIG. 22 to
n-channel FinFET.

Regarding the n-channel FinFET, this 1s arranged so that
the lowermost surface of a poly-S11ilm 24 of gate electrode 30
1s at a position at or above the upper surface of a hard mask
layer 42. In other words, 1t 1s formed so that a portion between
channel regions 18 is filled with a metal film 22. Regarding
the p-channel FinFET, this 1s arranged so that a portion
between channel regions 18 1s buried with a poly-silicon film
24. As for the p-channel FinFET, the impurity concentration
in the poly-S1 film 24 1s made almost uniform and 1s set at a
relatively low level. For example, the impurity concentration
is set to 2x10"” cm™ or more and less than 2x10°° cm™.

With this the impurity concentration distribution setup, the
n-channel FinFET 1s such that a compressive strain 1s induced
only 1n the perpendicular direction to the 2) principal plane of
the semiconductor substrate (strain amount of 0.05% or
greater), and a tensile strain 1s induced 1n the perpendicular
direction to the sidefaces of the rectangular semiconductor
layer (strain amount o1 0.05° or more). Regarding the p-chan-
nel FinFET, no compressive strains are induced both 1n the
perpendicular direction to the semiconductor substrate prin-
cipal plane and 1n the perpendicular direction to the rectan-
gular semiconductor layer sidefaces (strain amount of less
than or equal to 0.05%). As a result, it 1s possible to further
improve the performance of the n-channel FinFET while
avoiding performance degradation of the p-channel FinFET,
as apparent from FIGS. 3 and 4.

Although the mnvention has been described and 1llustrated
with reference to particular embodiments, the principles
involved are susceptible for use 1 numerous other embodi-
ments, modifications and alterations which will be apparent
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to persons skilled 1n the art to which the 1invention pertains.
The invention 1s, therefore, to be limited only as indicated by
the scope of the appended claims, with possible equivalents
involved therein.

What 1s claimed 1s:

1. A semiconductor device comprising:

a semiconductor substrate;

a first semiconductor layer having a rectangular solid-
shape formed at an upper part of the semiconductor
substrate to have a first top surface with a (100) plane
being parallel to a principal plane of the semiconductor
substrate and a first side face with a (100) plane perpen-
dicular to the principal plane of the semiconductor sub-
strate; and

a pMISFET, wherein

the pMISFET has a first channel region formed at least at
the first side face of the first semiconductor layer, a first
gate dielectric film formed at least on the first side face of
the first semiconductor layer, a first gate electrode cov-
ering the first channel region with the first gate dielectric
film being sandwiched therebetween, and first source/
drain regions formed within the rectangular solid-
shaped first semiconductor layer in such a way as to
interpose the first channel region therebetween,

the first gate electrode includes a metal film and a first
semiconductor film having an impurity concentration
which becomes higher 1n a direction from the semicon-
ductor substrate side of the first semiconductor film to an
upside thereof,

the first channel region 1s applied a compressive strain in a
direction perpendicular to the principal plane of the
semiconductor substrate, and

the metal film 1s interposed between the first gate dielectric
film and the first semiconductor film.

2. The device according to claim 1, further comprising:

a second semiconductor layer having a rectangular solid-
shape formed at the upper part of the semiconductor
substrate to have a second top surface with a (100) plane
being parallel to the principal plane of the semiconduc-
tor substrate and a second side surface witha (100) plane
perpendicular to the principal plane of the semiconduc-
tor substrate; and

an nMISFET, wherein

the nMISFET has a second channel region formed at least
at the second side face of the second semiconductor
layer, a second gate dielectric film formed at least on the
second side face of the second semiconductor layer, a
second gate electrode covering the second channel
region with the second gate dielectric film being sand-
wiched therebetween, and second source/drain regions
formed within the second rectangular solid-shaped
semiconductor layer in such a way as to interpose the
second channel region therebetween,

the second gate electrode includes a second semiconductor
f1lm having a uniform impurity concentration,

the second channel region 1s applied a compressive strain
in a direction perpendicular to the principal plane of the
semiconductor substrate, and

the second channel region 1s applied a compressive strain
in a direction perpendicular to the second side face.

3. The device according to claim 1, wherein the first gate
dielectric film 1s formed only on the first side face of the
semiconductor layer.

4. The device according to claim 1, wherein the first gate
dielectric film 1s also formed on the top surface of the first
semiconductor layer.
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5. The device according to claim 1, wherein the semicon-
ductor substrate 1s a SOI substrate.

6. The device according to claim 1, wherein the semicon-
ductor substrate 1s a bulk silicon substrate.

7. The device according to claim 1, wherein the impurity
concentration of the first semiconductor film of the first gate
electrode is greater than or equal to 2x10'” per cubic centi-
meter (cm ™) and less than 2x10*°cm™ at a lowermost layer
on the semiconductor substrate side of the first semiconductor
film and is more than or equal to 2x10°° cm™ and less than or
equal to 2x10°' cm™ at an uppermost layer.

8. A method of manufacturing a semiconductor device
having a pMISFET, comprising:

forming a plurality of semiconductor layers having a rect-

angular solid-shape at an upper part of a semiconductor
substrate, the rectangular solid-shape having a top sur-
face with a (100) plane being parallel to a principal plane
of the semiconductor substrate and a side face with a
(100) plane perpendicular to the principal plane of the
semiconductor substrate;

forming a gate dielectric film at least on side faces of the

semiconductor layers;

forming a metal film on the gate dielectric film;

depositing a semiconductor film on the metal film 1n such

a way as to fill a portion between adjacent ones of the
semiconductor layers;

performing impurity 1on implantation to amorphasize an

upper part of the semiconductor film;

patterning the semiconductor film and the metal film to

thereby form a gate electrode;

forming a stress liner dielectric film on the gate electrode;

performing thermal processing for crystallizing the upper

part of the semiconductor film; and

removing the stress liner dielectric film.

9. A method of manufacturing a semiconductor device
having a pMISFET, comprising:

forming a plurality of semiconductor layers having a rect-

angular solid-shape at an upper part of a semiconductor
substrate, the rectangular solid-shape having a top sur-
face with a (100) plane being parallel to a principal plane
of the semiconductor substrate and a side face with a
(100) plane perpendicular to the principal plane of the
semiconductor substrate;

forming a gate dielectric film at least at side faces of the

semiconductor layers;

forming a metal film on the gate dielectric film 1n such a

way as to {ill a portion between adjacent ones of the
semiconductor layers;

planarizing the metal film by polishing;

depositing a semiconductor film on the metal film;

performing impurity 1on implantation to amorphasize an

upper part of the semiconductor film;

patterning the semiconductor film and the metal film to

thereby form a gate electrode;

forming a stress liner dielectric film on the gate electrode;

performing thermal processing for crystallizing the upper

part of the semiconductor film; and

removing the stress liner dielectric film.

10. A semiconductor device comprising:

a semiconductor substrate;

first semiconductor layers having a rectangular solid-shape

formed at an upper part of the semiconductor substrate
to have a first top surface with a (100) plane being
parallel to a principal plane of the semiconductor sub-
strate and a first side face with a (100) plane perpendicu-
lar to the principal plane of the semiconductor substrate;
and
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a pMISFET, wherein

the pMISFET has a first channel region formed at least at
the first side face of the first semiconductor layers, a first
gate dielectric film formed at least on the first side face of
the first semiconductor layers, a first gate electrode cov-
ering the first channel region with the first gate dielectric
film being sandwiched therebetween, and first source/
drain regions formed within the rectangular solid-
shaped first semiconductor layers in such a way as to
interpose the first channel region therebetween,

the first gate electrode includes a metal film and a first
semiconductor film on the metal film,

the metal film fills a portion between adjacent ones of the
first semiconductor layers interposing the first gate
dielectric film 1n between the metal film and the first
semiconductor layers,

the first semiconductor film has 1ts lowermost surface
which 1s above the first top surface of the first semicon-
ductors layers, and

the first channel region 1s applied a compressive strain in a
direction perpendicular to the principal plane of the
semiconductor substrate and the first channel region 1s
applied a tensile strain 1n a direction perpendicular to the
first side face.

11. The device according to claim 10, further comprising:

a second semiconductor layer having a rectangular solid-
shape formed at the upper part of the semiconductor
substrate to have a second top surface with a (100) plane
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being parallel to the principal plane of the semiconduc-
tor substrate and a second side surface with a (100) plane
perpendicular to the principal plane of the semiconduc-
tor substrate; and

an nMISFET, wherein

the nMISFET has a second channel region formed at least
at the second side face of the second semiconductor
layer, a second gate dielectric film formed at least on the
second side face of the second semiconductor layer, a
second gate electrode covering the second channel
region with the second gate dielectric film being sand-
wiched therebetween, and second source/drain regions
formed within the second rectangular solid-shaped
semiconductor layer in such a way as to interpose the
second channel region therebetween,

the second gate electrode includes a second semiconductor
film having a uniform impurity concentration,

the second channel region 1s applied a compressive strain
in a direction perpendicular to the principal plane of the
semiconductor substrate, and

the second channel region 1s applied a compressive strain
in a direction perpendicular to the second side face.

12. The device according to claim 11, wherein the second

gate electrode includes a second metal film, the second metal
25 film being interposed between the second gate dielectric film
and the second semiconductor film.
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